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We observe coherent spin exchange between identical electronic spins in the solid state, a key
step towards full quantum control of electronic spin registers in room temperature solids. In a
diamond substrate, a single nitrogen vacancy (NV) center coherently couples to two adjacent S = 1/2
dark electron spins via the magnetic dipolar interaction. We quantify NV-electron and electron-
electron couplings via detailed spectroscopy, with good agreement to a model of strongly interacting
spins. The electron-electron coupling enables an observation of coherent flip-flop dynamics between
electronic spins in the solid state, which occur conditionally on the state of the NV. Finally, as
a demonstration of coherent control, we selectively couple and transfer polarization between the
NV and the pair of electron spins. Our observations enable the realization of fast quantum gate
operations and quantum state transfer in a scalable, room temperature, quantum processor.
Introduction.—Measuring and manipulating coherent
dynamics between individual pairs of electronic spins in
the solid state opens a host of new possibilities beyond
collective phenomena [1–5]. For example, a quantum reg-
ister consisting of several coherently coupled electronic
spins could serve as the basic building block of quan-
tum information processors and quantum networks [6–
8]. Additionally, recent proposals indicate that dynam-
ics between many unpolarized electronic spins can me-
diate fully coherent coupling between distant qubits to
be used for quantum state transfer [9–12]; measuring the
coherent flip-flop rate between a pair of electronic spins
could allow for sensitive distance measurements in indi-
vidual molecules in nanoscale magnetic resonance imag-
ing [13, 14].
However, such an interaction is a challenge to observe
[13, 14]. In particular, the identical spins need to be close
enough to interact strongly, such that the spins cannot
be spatially or spectrally resolved, to allow for polariza-
tion exchange. In prior work, polarization transfer was
measured between either spatially or spectrally resolved
electronic spins: e.g., between two Strontium-88 ions sep-
arated by µm scales [15] or between a nitrogen vacancy
(NV) color center and a substitutional nitrogen in dia-
mond [16–19]. Conversely, nuclear spin-spin dynamics
have been observed in diamond, facilitated by long nu-
clear spin coherence times and using a single NV center
as a mediator [20–22]. Control of NV-nuclear spin clus-
ters has led to using nuclear spins as a room temperature
quantum memory and quantum register [22–25], with ap-
plications such as NMR detection of a single protein [26]
and quantum networks [23, 27]. Similarly, manipulat-
ing interactions between identical electronic spins could
lead to faster gate times and long-distance transport in
solid state, room-temperature quantum information pro-
cessors [9], features that are challenging for nuclear spins
due to their weaker coupling strengths.
∗ rwalsworth@cfa.harvard.edu
Here, we report coherent spin exchange between two
identical electronic spins, a vital prerequisite for many
of the ideas discussed above, including the aforemen-
tioned collective phenomena [1–5]. A single NV center
acts as a nanoscale probe of flip-flop interactions between
a pair of electron spins. First, we identify a coherently-
coupled, three-spin cluster consisting of the optically-
active NV and two optically-dark electron spins inside
the diamond [Fig. 1(a)]. The coupling strengths and
resonance frequencies for the three spins are extracted
via optically detected magnetic resonance (ODMR) NV
spectroscopy, as well as dynamical decoupling and double
electron-electron resonance (DEER) experiments. The
electron spins undergo flip-flop dynamics, conditional on
the state of the NV [Fig. 1(b)], as in a controlled SWAP
gate. Finally, we demonstrate partial manipulation of
the three-electronic-spin cluster through selective cou-
pling and transfer of polarization between the NV and
the pair of electron spins.
FIG. 1. (a) Schematic of a three-electronic-spin cluster in
diamond, labeled with coupling strengths. (b) Energy level
diagram of two dipolar-coupled dark electron spins (each S =
1/2) as a function of the nearby NV spin state (S = 1). When
the NV is in the |−1〉NV spin state, the magnetic field gra-
dient it produces at the electrons suppresses their dynamics.
When the NV is in the |0〉NV spin state, flip-flops are allowed
between the electron spins.
Experimental results.—The unpolished diamond sam-
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FIG. 2. Spectroscopy of three electronic-spin cluster. (a)
Measured NV ESR spectrum (black circles), in the presence
of a B0 = 694.0(6) G static bias field, fit to three Lorentzian
curves (red line). The triplet-like structure is consistent with
the model and parameter values presented in this work. The
14N nuclear spin is polarized into the mI = +1 state due to
the large transverse NV-14N hyperfine coupling in the opti-
cally excited manifold [28, 29]. The estimate of the B0 field
is adjusted accordingly. Inset, NV ESR pulse sequence. (b)
DEER ESR spectrum data (black dots), in the presence of a
B0 = 694.0(6) G bias field, with numerical simulation from
equation (1) using parameter values given in the main text
(red line). Time τ is fixed to 3 µs. Observed lineshape is
qualitatively consistent with two electrons strongly coupled
to both each other and the probe NV. Inset, DEER ESR
pulse sequence.
ple features a 99.999% 12C epitaxially grown layer, im-
planted with 14N ions at 2.5 keV and annealed for eight
hours at 900 ◦C. A mask implantation was performed,
such that the density of implanted nitrogen varied from
close to zero to 1012/cm2 across the sample. Measure-
ments were performed using a custom-built confocal mi-
croscope with a 532 nm laser for NV excitation, and a
single photon counter to collect phonon sideband photo-
luminescence for population readout of the NV ground
state sublevels. A dual-channel arbitrary waveform gen-
erator enables coherent driving of the NV spin and two
additional electron spins in the diamond. The NV and
electron spin levels are split by a DC magnetic field
(B0 = 694.0(6) G) aligned along the NV axis and gener-
ated by a permanent magnet.
An electron spin resonance (ESR) measurement on the
NV reveals an atypical spectrum. Figure 2(a) illustrates
the atypical ESR spectrum containing a triplet-like struc-
ture, with splitting about a factor of 2.5 smaller than
the 14N hyperfine coupling [30]. Fitting the data to
three Lorentzian lineshapes demonstrates a full splitting
of 1.70(7) MHz.
To determine if this characteristic splitting is explained
by the presence of spins with electronic character, we se-
lectively drive the spins with resonances around γeB0, us-
ing a separate microwave channel (labeled DS for “dark
spin” in Figure 2(b), inset). When the DS drive fre-
quency approaches a resonance of an electron spin cou-
pled to the NV, the NV Bloch vector accumulates phase
in the transverse plane as in a Double-Electron-Electron-
Resonance spectroscopy (DEER ESR) experiment. With
a central dip around g = 2, the spectrum shows a char-
acteristic, asymmetric lineshape [Fig. 2(b)], for which
either nuclear quadrupolar spin(s) strongly coupled to a
single electron, or dipolar coupling(s) between multiple
electronic spins could be responsible.
Distinguishing between these possibilities requires a
study of the number of electronic spins present. In a
Spin Echo DOuble Resonance (SEDOR) pulse sequence
[1] [Fig. 3(a), bottom panel], a single electron spin in-
duces oscillations in the NV population, and hence the
ODMR signal, at the frequency of the NV-electron dipo-
lar coupling strength. However, the presence of multi-
ple electronic spins results in multiple frequencies, orig-
inating from the different coupling strengths (electron-
electron, NV-electron), as well as any coherent dynam-
ics. The resulting data exhibits several frequency compo-
nents [Fig. 3(b)], consistent with a coherently-coupled,
multi-electronic spin system [Fig. 1(a)]. Comparing the
observed Rabi frequencies of the NV and electronic spin
transitions confirms that the dark electron spins are S =
1/2 [31].
Model and Hamiltonian.—The triplet lineshape com-
ponents extracted from the NV ESR, as well as the fre-
quencies in the SEDOR measurement [Fig. 3(b)], are
well-described by a system of two electron spins coher-
ently coupled to the NV. The three-spin cluster is mod-
eled using the following Hamiltonian, in the secular ap-
proximation and frame rotating at the NV transition fre-
quency:
H
h
=
∑
i=1,2
(
ωi +Ai(S
NV
z + I/2)
)
S(i)z +
J12
(
2S(1)z S
(2)
z −
1
2
(S
(1)
+ S
(2)
− + S
(1)
− S
(2)
+ )
)
. (1)
Here, −Aih = −µ0~2γ2e (3 cos2 θi − 1)/(4pir3i ) is the
magnetic dipole interaction strength between the NV
and electron i. The electron-electron coupling term
J12h = −µ0~2γ2e (3 cos 2θ12 − 1)/(8pir312) is half the mag-
netic dipole interaction strength between the electrons,
and ωi is the Zeeman energies of electron i. Note that
the |ms = +1〉 ≡ |+1〉NV state is not populated under the
experimental conditions employed in this work, reducing
the NV subspace to |0〉NV and |−1〉NV in equation (1).
Therefore, all of the operators are 2x2 spin matrices.
An analytical calculation of the SEDOR signal using
the Hamiltonian in equation 1 yields four characteristic
frequencies (labeled ∆1−4), which are functions of J12,
A1, A2, and ω1 − ω2 [31]. We find good agreement be-
tween the SEDOR data and a sum of four sine waves
(one of which is below the spectral resolution of the cur-
rent experiment), multiplied by e−(t/T2)
p
to account for
NV decoherence [Fig. 3(b)]. To extract the parameter
values, we associate the three resolved frequencies with
the predicted frequency-domain behavior from the model
[31] and solve for J12, ω1−ω2 and A1−A2, obtaining an
upper bound on A1 + A2 from the unresolved frequency
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FIG. 3. Coherent dynamics of the three-electronic-spin cluster. (a) Lowest panel: SEDOR pulse sequence schematic.
Uppermost panel: depiction of the electron dynamics corresponding to NV population in |0〉NV. Middle panel: electron spin
evolution corresponding to |−1〉NV. (b) Time-domain data (black circles and line) of the SEDOR experiment. The solid red
line is a fit to four sine waves multiplied by a decaying exponential (T2 = 14(3) µs, p = 1.1(4)). The frequencies from the
fit are consistent with the frequencies reported with the model and parameter values [31]. The period 2/∆1 corresponding to
the electron flip-flop dynamics is shown. Data was taken at 180 G. (c) Fourier transform of data from the SEDOR experiment
performed with phase modulation (TPPI) on the last NV pi/2 pulse at a frequency ν = 1.25 MHz (black dots and line).
The signal amplitudes for each frequency pair about ν are equal, consistent with two unpolarized electron spins. Blue dots
correspond to the frequencies found in the fit in (b), up-converted by the TPPI frequency ν. Error bars (95% CI) from the fit
are a factor of four smaller than the diameter of the dots, except for the large dot at ν, for which the error is the size of the
dot. The vertical red lines represent frequency components ∆1−4 corresponding to the analytical solution using the model and
parameter values reported in the main text [31].
component. We impose agreement with the observed NV
ESR and DEER ESR spectrum to confirm our solution
and inform the value of ω1, as well as the value of A1+A2
[31]. The resulting parameter values reported here are
A1,2 = 0.81(5),−0.86(5) MHz; J12 = ±0.38(5) MHz;
ω1 = γeB0 + 0(2) MHz and ω2 = ω1 − 0.14(5) MHz [31].
As mentioned above, this model is also consistent with
the observed NV ESR and DEER ESR spectra [Fig. 2].
Two of the eigenstates of the electron pair, |↑↓〉, |↓↑〉,
each induce a dipolar magnetic field of strength ±(A1 −
A2)/2 = ±0.84(4) MHz, which consequently splits the
NV ESR lines. The two other electron pair states, |↓↓〉
and |↑↑〉, exert a field with strength ±(A1 + A2)/2 =
±0.03(4) MHz. The result is an NV triplet-like spectrum,
with splittings given by the difference of the NV-electron
couplings. As mentioned above, fitting the NV ESR data
[Fig. 2(a), black dots] to a sum of three Lorentzian curves
confirms the NV resonance frequencies, which are split by
1.70(7) MHz (95% CI of the fit), in good agreement with
the model parameters A1 −A2 = 1.67(7) MHz.
Conversely, the presence of multiple electrons corrupts
the direct measurement of individual transition frequen-
cies in the DEER ESR spectrum. The DEER ESR line-
shape depends sensitively on all coupling and resonance
frequency parameters [31], which we calculate numeri-
cally with the model. Using the same parameter values
listed above, we demonstrate good qualitative agreement
between the DEER ESR data [Fig. 2(b), black dots] and
the model [Fig. 2(b), red line], within the error ranges
on the extracted model parameters [31].
Coherent dynamics in the cluster.—An understand-
ing of the three-electronic-spin cluster allows for a dis-
cussion of the coherent dynamics between the electron
spins. When the |−1〉NV spin state is occupied, two
of the electron-pair energy levels, |↑↓〉 and |↓↑〉, dif-
fer by A1 − A2 + ω1 − ω2 = 1.81(9) MHz, which is
larger than their coupling strength J12 = ±0.38(5) MHz;
thus, flip-flops are suppressed [Fig. 1(c), top panel].
However, when the NV population occupies the |0〉NV
spin state, the same two energy levels are split by only
ω1 − ω2 = 0.14(5) MHz, allowing for polarization ex-
change [Fig. 1(c), bottom panel]. Direct diagonaliza-
tion of the Hamiltonian shows that flip-flops occur at
rate ∆1 ≡
√
J212 + (ω1 − ω2)2 = 0.41(5) MHz [Fig. 1(b),
bottom panel].
In the SEDOR pulse sequence, sweeping the free pre-
cession time τ and fixing the electron spin pi-pulse on
resonance allows for quantitative observations of the flip-
flop frequency between the electrons. During the time
τ , the NV Bloch vector accumulates phase in the trans-
verse plane due to the dipolar field of the electrons, de-
scribed by the SNVz S
(i)
z terms in equation (1). Since half
of the NV population is in the |0〉NV spin state through-
out this measurement, dynamics between the pair of elec-
trons are partially allowed [Fig. 3(a), top and middle
panels]. Sweeping the free precession time constitutes
an AC magnetometer, where the AC field amplitude of
0.84(4) MHz is generated by the pair of electrons in the
|↑↓〉 or |↓↑〉 states. The detected AC field frequency ∆1/2
is given by half the electron spin pair flip-flop rate [Fig.
3(a), top panel], and is marked in the time domain in
Figure 3(b). As constructed, the frequency components
of the SEDOR data implies ∆1 = 0.41(5) MHz, equal to
the value found with the model parameters [31].
In addition, the parameters A1 and A2 contribute to
other frequency components. During the SEDOR se-
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FIG. 4. Coherent polarization transfer between the NV
and two dark electron spins. (a) Observed polarization trans-
fer to the electrons at the Hartmann-Hahn resonance con-
dition [37] as a function of spin lock duration T (black cir-
cles). Red line is a numerical simulation of the experiment
protocol using equation (1) and the parameter values given
in the main text. The primary oscillation frequency of 0.60(5)
MHz, ' A1/
√
2 ' A2/
√
2, is consistent with the two similar
NV-electron coupling strengths adding in quadrature. Due to
microwave amplitude instability of the setup, we allow for a
detuning from the resonance condition up to 350 kHz. Ef-
fects not included in our model that contribute to the devi-
ation at short T are: slow drifts in this detuning, dephasing
of detuned driving of (weakly populated) hyperfine transi-
tions, and pulse errors of the initial NV pi/2 pulse. Inset,
Hartmann-Hahn pulse sequence. (b) Observed polarization
transfer to the electrons using Hartmann-Hahn cross polar-
ization at fixed spin lock duration T = 700 ns, followed by
optical repolarization of the NV to |0〉NV, then readout of the
electron pair polarization via SEDOR. Results are displayed
as the FFT of the SEDOR data. The phase φ of the first NV
pulse determines the direction of polarization transfer. For
both directions, the polarization is shared across the three
frequency pairs, consistent with two coupled electron spins.
Inset, experimental pulse sequence.
quence, the other half of the NV population occupies
the |−1〉NV spin state, such that the electron-pair dy-
namics are suppressed by the field of strength A1−A2 =
1.67(7) MHz [Fig. 3(a), middle panel]. The eigenstates
of the relevant Hamiltonian HDS−1 are mostly described by
the Zeeman |↑↓〉 and |↓↑〉 states, and are dressed by their
interaction, which shifts their energy splitting. These
states consequently modulate the SEDOR data at rate
1
2
√
(A1 −A2 + ω1 − ω2)2 + J212 ≡ ∆2/2 = 0.93(4) MHz,
equal to a frequency component observed in the SEDOR
data [31].
Throughout the pulse sequence, the NV is in a coher-
ent superposition of the |0〉NV and |−1〉NV spin states.
The resulting interference of both electron propagators
induces additional frequency components in the NV evo-
lution at half the sums and differences of ∆1 and ∆2
[31]. We find that the amplitude of the (∆1 + ∆2)/2
frequency component decreases via destructive interfer-
ence of the two propagator paths, due to the relative
detuning between the two electrons ω1 − ω2 [31]; sim-
ilarly, the amplitude of the (∆2 − ∆1)/2 ≡ ∆3/2 =
1
2 (
√
(A1 −A2 + ω1 − ω2)2 + J212−
√
J212 + (ω1 − ω2)2) =
0.72(2) MHz component increases [31]. As expected, the
fit to the SEDOR data also exhibits a frequency com-
ponent at 0.72(2) MHz [31]. Finally, irrespective of the
state of the NV, the states |↑↑〉 and |↓↓〉 modulate the
SEDOR signal at the frequency ∆4/2 ≡ (A1 + A2)/2.
For the present three-spin system, we estimate ∆4/2 =
−0.03(4) MHz, which is not distinguishable from zero for
the present experiment.
As a check of reproducibility, we repeat the SEDOR ex-
periment using a phase modulation technique [31], known
as time-proportional phase increments (TPPI) in nuclear
magnetic resonance, to up-convert the signals away from
zero frequency by ν = 1.25 MHz [1] [Fig. 3(c)]. The
Fourier transform of the TPPI data [Fig. 3(c), black line]
shows pairs of spectral peaks at frequencies correspond-
ing to ∆1−3, centered around the TPPI frequency ν; as
before, the ∆4 peaks are not resolved. The positive and
negative frequency components of each pair have approxi-
mately equal amplitude, consistent with unpolarized elec-
tron spins. The red lines corresponding to ∆1−4 in Figure
3(c) indicate the expected frequencies from model. The
frequency components from the fit of the time domain
data [Fig. 3(b)] are up-converted by ν and marked as
blue dots, and agree with the model within the margin
of error [31].
Manipulation of the electronic spins.—Finally, we
demonstrate coherent manipulation of the three-spin
cluster by transferring polarization from the NV to the
dark electron spin pair using a Hartmann-Hahn tech-
nique [37]. We first fix the amplitude of the drives to
the Hartmann-Hahn resonance condition [37], and trans-
fer polarization from the NV to the electron spins while
sweeping the spin lock duration T [Fig. 4(a)]. By match-
ing the dressed state energies of the NV and dark spins,
NV-dark spin flip-flops become allowed and the dark
spins are polarized. By energy conservation, the dark
spins are aligned parallel (anti-parallel) to the resonant
drive vector in the rotating frame, if the NV Bloch vector
is initialized parallel (anti-parallel) along the NV drive
vector. The polarization evolves from the NV and returns
at a rate approximately given by A1/
√
2 ≈ A2/
√
2, as ex-
pected for two uncorrelated electrons with approximately
equal coupling to the NV. Next, we observe polarization
of the dark electron spin pair by fixing the spin lock dura-
tion at T = 700 ns ≈ 1/|√2A1| ≈ 1/|
√
2A2|, re-polarizing
the NV with a 532 nm laser pulse, and reading out the po-
larization of the electron spins using SEDOR and TPPI.
Changing the phase of the first pi/2 pulse on the NV,
5and therefore the initial NV dressed state, exchanges the
direction of polarization transfer [Fig. 4(b), orange and
purple lines]. Adding a pi/2 pulse on the dark spins after
the spin lock pulse stores the dark spin polarization along
the quantization axis. For both polarization transfer di-
rections, the difference in peak amplitude is spread across
all pairs of frequencies ∆1−3 [Fig. 4(b)], as is expected
for a coupled pair of electrons. Compared to previous
work [18, 19], this constitutes a measurement of coherent
polarization transfer from the NV to electron spins, fol-
lowed by readout of the polarization, opening the door to
quantitative estimates of dark spin state preparation fi-
delities. Here, a careful study of the polarization fidelity
will require stringent microwave amplitude stability dur-
ing a two-dimensional sweep of T and τ , beyond the scope
of this work.
Outlook.— Our observations of coherent dynamics be-
tween nearby electronic spins in the solid state, under
ambient conditions and without spectrally or spatially
resolved spins, constitutes a key step toward realizing co-
herent quantum manipulation of electronic spins. Specif-
ically, the demonstrated techniques can be used to imple-
ment quantum registers with fast gate time and quantum
state transfer between remote spins via an intermediate
spin bath [9–12]. Additionally, electronic spin dynam-
ics external to an NV could enable a range of potential
sensing applications. For example, it can be employed
following a recent proposal to measure the spin diffusion
rate between intra-molecular spin labels in biomolecules
[13, 14], to obtain improved distance measurements be-
yond the standard DEER protocol [38, 39].
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Supplementary Material to “Sensing coherent dynamics of electronic spin clusters in
solids”
I. EXPERIMENTAL SETUP
A. Optical setup
We use a home-built 4f confocal microscope to initialize and read out the NV photoluminescence, and a 532 nm
green diode laser (Changchun New Industries Optoelectronics Tech Co, Ltd, MGL H532), for NV illumination and
initialization. The laser pulses are modulated using an acousto-optic modulator (IntraAction ATM series 125B1),
which is gated using a pulseblaster card (PulseBlasterESR-Pro, SpinCore Technologies, Inc, 300 MHz). We use an
initialization pulse duration of 3.8 µs, of which 880 ns is used for readout of the NV ground state. The NV fluorescence
is filtered using a dichroic mirror (Semrock FF560-FDi01) and notch filter (Thorlabs FL-532), and read out using
a single photon counter (Excelitas Technologies, SPCM-AQRH-13-FC 17910). A galvonometer (Thorlabs GVS002)
scans the laser in the transverse plane, and a piezoelectric scanner placed underneath the objective (oil immersion,
Nikon N100X-PFO, NA of 1.3) is used to focus. The diamond is mounted on a glass coverslip patterned with a
stripline for microwave delivery (see section 1.2), which is placed directly above the oil immersion objective lens.
B. Microwave driving of the NV and electron spins
A dual-channel arbitrary waveform generator (Tektronix AWG7102) is used to synthesize the waveforms for the
NV and electron spin drives for all pulse sequences. The AWG output is triggered using the pulseblaster card. The
NV drive and electron spin drives are amplified separately (Minicircuits ZHL-42W+, Minicircuits ZHL-16W-43-S+,
respectively), then combined using a high power combiner (Minicircuits ZACS242-100W+). The microwave signals
are then connected to an Ω-shaped stripline, 100 µm inner diameter, via a printed circuit board. The diamond is
placed onto the center Ω of the stripline. Typical Rabi frequencies for the NV and electron spins (around 900 and
2000 MHz, respectively) are between 10-15 MHz.
7C. Diamond sample
The diamond substrate was grown by chemical vapor deposition at Element Six, LTD. It is a polycrystalline, elec-
tronic grade substrate. A 99.999% 12-C layer was grown on the substrate, also at Element Six, along the {110}
direction, and the diamond was left unpolished. Implantation was performed at Ruhr Universitt in Bochum, Ger-
many. Both atomic and molecular ions, 14N and 14N2, were implanted separately, in a mask pattern with confined
circles approximately 30 µm in diameter, at 2.5 keV implantation energy. The density of implantation varies from
1.4x1012/cm2 to 1.4x109/cm2 in different mask regions. For the present study, an NV found near the 1.4x1012/cm2
ion implant region is used. The sample was annealed in vacuum at 900 degrees C for 8 hours.
About 400-500 NVs were investigated, and over 75% were found to have poor contrast or the incorrect orientation
in the bias field. Of the total number of NVs investigated, 113 NVs were screened for coupling to dark spins. The
NVs are implanted to be about 5-10 nm below the surface, such that there is a high probability to detect surface
dark spins (we expect from e.g. dangling bonds close to the diamond edge). Of the 113 NVs screened for dark spin
coupling, about 9 demonstrated coherent coupling to dark spin(s), 63 demonstrated incoherent coupling to a bath
of dark spins, and 41 exhibited no signature of dark spin coupling. The individual NV described in our manuscript
had coherent coupling to multiple dark spins, and was also very stable in its behavior (for more than a year while
the experiments were performed). A frontier challenge in the NV-diamond community is to fabricate, reliably and
predictably, NVs and dark spins with coherent couplings and other optimal properties, so that such mass screenings
are not necessary.
D. Static bias field
We use a permanent magnet (K&J Magnetics, Inc, DX08BR-N52) to induce a magnetic field B0 and thereby
split the NV and electron spin energy levels. The diamond is mounted on a three-axis translation stage, which is
controlled by three motorized actuators (Thorlabs Z812B). To align the magnetic field to the NV axis, we sweep
the position of the magnet, monitor the NV fluorescence (which decreases with field misalignment due to mixing of
the magnetic sublevels) and fix the magnet position to the point of maximum count rate. Field alignment precision
is about 2 degrees, given by the shot noise of our fluorescence measurements. In order to stabilize the magnitude
of the B0 field at our system during an experiment, we periodically (approximately every 15 minutes) measure the
ms = 0→ −1 transition frequency of the NV, and move the magnet position to stabilize the NV transition frequency,
and therefore field, at a particular value. Using this technique, we can stabilize the field enough to resolve the ∼1
MHz splittings in the DEER ESR experiment, despite the 0.1%/K temperature coefficient of Neodymium magnets
[2]. Our B0 measurement is taken from the NV transition frequency, which therefore includes error from the 2 degree
field misalignment, as well as the approximate error of a measurement of this particular NV zero field splitting, of
2.872(2) GHz, to give a B0 measurement accuracy of about 0.1%.
II. SIGNAL FREQUENCIES AND AMPLITUDES IN THE SEDOR EXPERIMENT
In this section we discuss the frequencies seen in the SEDOR experiment, referring to Figs. 3(b) and 3(c) in the
main text.
As stated in the main text, the Hamiltonian is:
H
h
=
∑
i=1,2
(
ωi +Ai
(
SNVz + I/2
))
S(i)z + (1)
J12
(
2S(1)z S
(2)
z −
1
2
(S
(1)
+ S
(2)
− + S
(1)
− S
(2)
+ )
)
(2)
Where ω1 = γeB0 + 0(2) MHz, ω2 = ω1 − 0.14(5) MHz, are the resonance frequencies electron spins 1 and 2,
A1,2 = 0.81(5),−0.86(5) MHz, are the negative of their couplings to the NV, and J12 = ±0.38(5) MHz is half the
electron spin – spin coupling.
The states of the electron spins |↑↑〉 and |↓↓〉 are decoupled from the states |↑↓〉 and |↓↑〉, because the Hamiltonian
and SEDOR pulse sequence conserve |S(1)z + S(2)z |. Therefore, we consider those two subspaces separately.
For the electron spin states |↑↑〉 and |↓↓〉 the flip-flop terms are zero, and the Ising interaction term S(1)z S(2)z is a
constant, so the only relevant terms are:
8TABLE II.1. Frequency components in the SEDOR experiment and their values. The frequency name ∆i and the form
calculated using equation (1) in the main text and the SEDOR pulse sequence are listed as ‘Frequency’ and ‘Form’. The
frequency values in our model, in MHz, from the calculation are listed as ‘Model (MHz)’. The frequency values extracted from
the fit of the time-domain SEDOR data shown in Figure 3(b) are listed as ‘Fit (3(b)) (MHz)’. Error bars are 95% CI. For
intuition, the states responsible for each frequency component in the SEDOR data are listed as ‘Relevant states’. Frequency
∆1 is the dark spin flip-flop rate, corresponding to |0〉NV; frequency ∆2 results from the dipolar magnetic field generated by the
dark spins in the |↑↓〉, |↓↑〉 subspace, while flip-flops are suppressed by the NV field gradient generated by |−1〉NV; frequency
∆3 is due to the interference of the two paths generated by the NV coherence; and frequency ∆4 results from the field generated
by the dark spins at the NV from the |↑↑〉, |↓↓〉 subspace. It is indistinguishable from the component at DC generated by the
electron spin dynamics.
Frequency Form Model
(MHz)
Fit (3(b))
(MHz)
Relevant states
∆1
√
J212 + (ω1 − ω2)2 0.41(5) 0.391(8) |0〉NV ⊗ (|↑↓〉 , |↓↑〉)
∆2
√
(A1 −A2 + ω1 − ω2)2 + J212 1.85(8) 1.790(9) |−1〉NV ⊗ (|↑↓〉 , |↓↑〉)
∆3
√
(A1 −A2 + ω1 − ω2)2 + J212− 1.44(4) 1.430(7) |0,−1〉NV ⊗ (|↑↓〉 , |↓↑〉)√
J212 + (ω1 − ω2)2
∆4 A1 +A2 −0.05(7) 0.00(7) |0,−1〉NV ⊗ (|↓↓〉 , |↑↑〉)
H
h
=
∑
i=1,2
(
ωi +Ai
(
SNVz + I/2
))
S(i)z . (3)
The NV accumulates phase due to its the secular dipolar coupling to the electron spins. Therefore, the NV signal
rotates at ∆4/2 = (A1 +A2)/2 before phase modulation.
For the |↑↓〉 and |↓↑〉 states, we need to consider the dynamics. Treating this subspace as a two level system where
|⇑〉 = |↑↓〉 and |⇓〉 = |↓↑〉 and dropping the Ising interaction term, we have:
H
h
=
(
δ + a(SNVz + I/2)
)
sz + J12sx. (4)
Where δ = ω1 − ω2 and a = A1 − A2. We use si to represent the new S = 1/2 spin operators. Here we define two
Hamiltonians: one for the NV population in ms = 0, defined as H0/h = δsz + J12sx, and conversely one for the NV
population in ms = −1, defined as H−1/h = (δ+a)sz +J12sx. We use the operators sx,y,z to denote the new electron
spin operators in the new 2x2 subspace. Let the unitaries U0,−1(t) ≡ e−iH0,−1t/~.
At the start of the pulse sequence, with the NV starting in |−1〉NV, and immediately following the first pi/2 pulse
on the NV about y, the density matrix is:
ρ(0) = (|0〉 〈0|+ |0〉 〈−1|+ |−1〉 〈0|+ |−1〉 〈−1|)⊗ I/2. (5)
After the SEDOR sequence with free precession time τ , the density matrix is:
ρ(0) = |0〉 〈0|+ (6)
U−1(τ/2)σxU0(τ/2) |0〉 〈−1|U−1(τ/2)†σxU0(τ/2)†+ (7)
U0(τ/2)σxU−1(τ/2) |−1〉 〈0|U0(τ/2)†σxU−1(τ/2)†+ (8)
|−1〉 〈−1| . (9)
Where for each term there is an implicit I/2 for the electron spin subspace |⇑〉 and |⇓〉. As expected,
the population terms stay the same and the coherence terms accumulate phase. Tracing over the electron
spins’ subspace, our signal is therefore given by Tr(SNVx ρ), which is proportional to the trace of the matrix
(U−1(τ/2)σxU0(τ/2))†U0(τ/2)σxU−1(τ/2).
The frequency components in this part of the signal are ∆1/2 =
1
2
√
J212 + δ
2,
∆2/2 =
1
2
√
J212 + (A1 −A2 + δ)2, and ∆3/2 = (∆2−∆1)/2, as expected. There is also a frequency component at DC,
in addition to the component at (A1 + A2)/2 mentioned above. We do not include this component in our analysis,
since it is indistinguishable from (A1 +A2)/2.
9Frequency Amplitude Form Relative Am-
plitude
∆1/2
1
∆21∆
2
2
(
∆22(J
2
12 − δ2)− Γ + ∆21(J212 − δ21) + ∆21∆22
)
1.00
∆2/2 same as ∆1 1.00
∆3/2
1
2∆21∆
2
2
(
∆22(δ
2 − J212) + Γ + ∆21∆22 + ∆21(δ21 − J212) + 4δδ1∆1∆2
)
1.05
(∆1 + ∆2)/2
1
2∆21∆
2
2
(
∆22(δ
2 − J212) + Γ + ∆21∆22 + ∆21(δ21 − J212)− 4δδ1∆1∆2
)
0.21
DC 1
∆21∆
2
2
(
∆22(δ
2 − J212) + Γ + ∆21∆22 + ∆21(−δ21 + J212)
)
1.10
TABLE II.2. SEDOR frequencies and their relative amplitudes, normalized to the ∆1/2 frequency component. Here, δ ≡
ω1 − ω2 = 0.14 MHz is the energy difference between the dark spin states |↓↑〉 and |↑↓〉, when the NV population is in ms = 0,
δ1 ≡ A1 − A2 + δ = 1.81 MHz is the energy difference between the dark spin states |↓↑〉 and |↑↓〉, when the NV population is
in ms = −1, and Γ ≡ δ2δ21 + δ2J212 + δ21J212 + J412. Note that the (∆1 + ∆2)/2 component is suppressed (given by the sign of δ).
The amplitudes in Figures 3(c) and 4(b) agree with these values within the experimental noise floor.
A. Phase modulation
By sweeping the phase φ of the last pi/2 pulse, such that φ = 2piντ , any signal component proportional to
cos (2pi(∆iτ/2)) will be converted to cos (2pi(∆i/2 + ν)τ) + cos (2pi(∆i/2− ν)τ). These positive and negative fre-
quency components correspond to the polarization of the electron spins. For example, if at the start of the sequence
the electrons’ spin states begin in the state |↑↓〉, the NV Bloch vector will rotate clockwise in the transverse plane,
with rate 0.84(5) MHz. Conversely, if the electrons’ spin states start in the state |↓↑〉, the NV Bloch vector will rotate
counter-clockwise at the same rate. After the last pi/2 pulse, which is responsible for the frequency up-conversion,
the corresponding signal frequency is (0.84(5) ±ν) MHz, respectively.
III. PARAMETER VALUES AND ERROR RANGES
The frequency values from the time-domain fit in Figure 3(b) of the main text, as well as the model frequency
values, are reported in Table II.1. For ∆1,2,3, the frequency values are extracted from a fit of the absolute value of
the FFT of the SEDOR data in Figure 3(b) of the main text, to a sum of three Lorentzian lineshapes. We use a fit in
the absolute value of the frequency domain, as opposed to the time domain, in order to inform our ∆1,2,3 frequencies
with fewer fit parameters (the phases in the time domain data are sensitive to pulse errors and are therefore free
parameters). Although the fits in the frequency and time domain agree within the error ranges [Table II.1], we expect
small differences occur because of our approximation of the frequency domain lineshape as Lorentzian. As listed
in Table II.1 and stated in the main text, we find frequency values for ∆1,2,3 of 0.41(5), 1.85(8), and 1.44(4) MHz,
respectively. We use frequencies ∆1,2,3 to extract the parameter values J12, A1 − A2, and ω1 − ω2, as well as the
lower bound on |A1 +A2| of 50 kHz. Due to the existence of multiple solutions to this system of equations, we impose
agreement to the splitting in the NV ESR spectrum and the value of A1 − A2 to find our parameter values. The
frequency of oscillation in our Hartmann-Hahn experiments [Fig. 4(a) in the main text] confirms our result. Finally,
we check for qualitative agreement between the DEER ESR spectrum and a numerical simulation of our model and
the DEER ESR pulse sequence. As mentioned in the main text, the DEER ESR lineshape is very sensitive to all
parameter values [Fig. III.2]. This allows for finding the value of A1 + A2 within the lower bound found from the
SEDOR experiment and hence A1 and A2. Additionally, the value of ω1, and therefore ω2 = ω1 − 0.14(5) MHz, can
be found by centering the central DEER ESR dip with the dip found numerically. We find that ω1 is indistinguishable
from the bare electron Zeeman splitting at g = 2 (within the experimental error, see below). We note that the exact
values of A1 + A2 and ω1 are irrelavant to our observation of coherent dynamics, since A1 + A2 is unresolved in
the SEDOR experiment, and the Hamiltonian conserves |S(1)z + S(2)z |, such that the common-mode Zeeman energy
splitting of both spins is inconsequential.
To account for the finite spectral resolution shifting our fit frequency, we add an uncertainty of half of the spectral
resolution (approximating this to be the 95% CI) to the error in the frequency-domain fit. We expect that the small
differences between the frequencies extracted from the time domain fit and the frequency domain fit, which are within
the experimental uncertainty, are due to approximating the frequency-domain lineshapes as Lorentzians. The error
of the ∆4 frequency is calculated using the estimated error ranges on our parameter values of 50 kHz. The amplitude
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of a fourth frequency component, (∆2 + ∆1)/2, is suppressed for our parameters, as shown in Table II.2.
According to our model, the frequencies that appear in the SEDOR experiment are various combinations of the
parameters added in quadrature, which we use to inform the coupling strengths reported. These measurements have
finite widths and degrees of reproducibility, as seen in Figs. 3(b) and 3(c) in the main text. We expect that the
variability of our measurements is due to B0 field misalignment changing the secular coupling strengths and drive
amplitude instability inducing pulse errors during our characterization experiments. In this section, we describe the
procedure used to obtain the model parameter error ranges reported in the main text.
We measure the degree of reproducibility of the SEDOR experiment by repeating the experiment six times over
the course of our data-taking period (about 6 months). To extract the SEDOR frequencies ∆1,2,3, we fit the Fourier
transform of the SEDOR data to a sum of three Lorentzian curves, and extract the center frequency as well as 95%
CI on the fit (to account for photon shot noise). Due to the finite spectral resolution of our experiment, which is on
the order of the widths that we measure, we add a contribution to the error equal to half the frequency spacing in our
SEDOR experiments (approximating 95% CI to be the full frequency spacing). The SEDOR frequencies obtained for
the six measurements, with the error ranges found, are plotted in Figure III.1. For each of the SEDOR frequencies
∆1,2,3, we define the range of the frequency value to be max(∆i)+σmax(∆i)− (min(∆i)+σmin(∆i)), where σ is defined
to be the 95% CI for the relevant measurement.
Given the form for ∆1−3 reported in the main text, we estimate the drift and error range for each of the parameter
values, by taking the average of the ranges of the ∆1,2 values, divided by 2
√
2, or approximately 50 kHz.
The error in ω1, and consequently the common mode error in ω2 = −0.14 MHz + ω1 is given by the B0 field
misalignment which, as mentioned in Section 1.4 is about 2 degrees. At 694.0 G, this is about 0.5 G or 1.4 MHz. A
measurement of our NV’s zero field splitting gives a value of 2.7817 ±0.0015 GHz, adding to the B0 uncertainty. The
ω1 value is about γeB0 + 0
+1.5
−2.0 MHz. We find that the DEER ESR lineshape qualitative agreement occurs within this
window around the bare electron Zeeman splitting.
FIG. III.1. SEDOR frequency values ∆1,2,3/2 measured over the data-taking period. Values are extracted from a fit to the
FFT of the SEDOR data using a sum of three Lorentzian lineshapes. Error bars account for the 95% CI of the fit as well as
the finite spectral resolution shifting the fit frequency (approximating full-width 95% CI as the spectral resolution).
A. Comparison of DEER ESR spectra for various coupling strength values
In this section, we demonstrate the qualitative agreement between our DEER ESR spectrum and our model,
within the error range on the parameters reported. As in the main text, we simulate the results of the DEER
ESR experiment by numerically calculating the ODMR lineshape under the DEER ESR pulse sequence, for our spin
cluster Hamiltonian and parameters. To explore the sensitivity of our lineshape to our parameter values, we repeat the
numerical calculation, changing the parameter values one at a time, and compare the results to the same data. Figure
III.2 demonstrates qualitative agreement between the DEER ESR data and our model for parameter values within the
error range reported in the main text. For parameter values simulated beyond the error range, as in Figure III.2(d),
11
FIG. III.2. DEER ESR lineshapes calculated numerically using parameter values within the error range reported in the main
text. Black circles are data, and red line is the DEER ESR lineshape calculated numerically for the parameter values given
in the main text. Blue lines are DEER ESR results calculated numerically for parameter values listed. (a) Blue line: DEER
ESR lineshape calculated numerically, using parameter values listed in the main text, except with J12 = 0.43 MHz, or 50
kHz more than the J12 reported. (b) Blue line: DEER ESR lineshape calculated numerically, using parameter values listed
in the main text, except with J12 = 0.33 MHz, or 50 kHz less than the J12 reported. (c) Blue line: DEER ESR lineshape
calculated numerically, using parameter values listed in the main text, except with A1 = 0.86 MHz, or 50 kHz greater than
the A1 reported. (d) Blue line: DEER ESR lineshape calculated numerically, using parameter values listed in the main text,
except with A2 = −0.76 MHz, or 100 kHz less negative than the A2 reported, beyond the error range in our parameters.
(a)	   (b)	  
(c)	   (d)	  
the numerically calculated DEER ESR lineshape clearly disagrees with the DEER ESR data obtained. Changing the
relative detuning ω1−ω2 between the electron spins and the other coupling strength A1, at and beyond the error bar
ranges, gives similar qualitative results.
IV. SEDOR FREQUENCY COMPONENT AT THE PHASE CYCLING FREQUENCY DUE TO PULSE
ERRORS
In this section we characterize the amplitude of the NV-electron spin SEDOR signal at the phase modulation
frequency, ν, when there are imperfect pulses. Although there is a component of the SEDOR signal predicted to be at
ν, the amplitude can depend on pulse errors, as calculated below. The SEDOR pulse sequence is illustrated in Figure
3(a) in the main text. The intuitive idea is that if, due to detuned driving, the electron spin is not fully flipped, then
there is some component of NV coherence that is left oscillating purely at the phase modulation frequency. Here we
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calculate the amplitude of that component as a function of the Rabi frequency and detuning.
In this section we evaluate the density matrix at various points in the evolution of the sequence, instead of multi-
plying unitaries and taking a trace at the end, in order to account for the finite electron spin coherence time.
A. Hamiltonian and pulse sequence
To gain a qualitative understanding of the component at ν due to pulse errors, we imagine an NV (NV) and single
electronic dark spin (DS) system. We assume that their resonance frequencies are detuned from each other much
more than both their linewidths and coupling strength A||. Additionally, we incorporate an RF drive on the NV and
dark spin, and we assume that the drive on the NV is resonant (we are ignoring NV hyperfine splitting), and that the
dark spin drive is detuned by δ. Treating the NV in a 2x2 subspace, we absorb the extra A||/2SDSz term (the third
term in equation (1) in the main text) into δ:
H = A||SNVz S
DS
z +HRF (t). (10)
The pulse sequence is a Hahn echo on the NV, with the NV pi pulse coincident with a dark spin detuned pi pulse.
The full free precession time is 2t. We assume perfect pulses on the NV, and a pi pulse of duration T on the dark
spin. The goal is to see if there is any component of the NV coherence at the end of the pulse sequence that does not
oscillate, i.e., a component that will be upconverted to ν after adding phase modulation.
B. Dynamics
We start with a polarized state on the NV, SNVz + I
NV/2 and a fully mixed state on the dark spin, IDS/2. After
the first pi/2 pulse on the NV, along y, the density matrix is then
ρ = (SNVx + I
NV/2))⊗ I/2. (11)
(We use the notation Sx ≡ Sx ⊗ I/2 here for simplicity.)
After the first part of the free evolution time we have:
ρ(t) = SNVx cosA||t/2 + 2S
NV
y S
DS
z sinA||t/2. (12)
Next we have a pi pulse on both the NV (about x) and the dark spin (about x), with the dark spin pulse detuned
by δ and for duration T << 1/A||, such that HDSeff = δS
DS
z + ΩDSS
DS
x . We assume also that the difference in the NV
and dark spin resonance frequencies (order 1 GHz) is much greater than either Rabi frequency.
ρ(t+ T ) = SNVx cosA||t/2 (13)
−2SNVy sinA||t/2
(
e−i(δS
DS
z +ΩDSS
DS
x )T
)
SDSz
(
ei(δS
DS
z +ΩDSS
DS
x )T
)
(14)
To solve for the dark spin dynamics under the detuned pulse we need to go into a tilted frame to diagonalize the dark
spin Hamiltonian. Choosing U = e−iθS
DS
y we have HDSeff = Ω¯DSS
DS
z where Ω¯DS =
√
Ω2DS + δ
2 and θ = arctan−ΩDS/δ.
After going into the tilted frame and applying the detuned pulse, we account for evolution during the second half of
the free precession time. After transforming back into the un-tilted frame, we drop all SDSx,y terms, since the dark spin
T ∗2 << 1/A||. Allowing for the second half of the free precession time, we find a final density matrix of:
ρ(2t+ T ) = SNVx cos
2A||t/2 + 2SNVy S
DS
z cosA||t/2 sinA||t/2 (15)
− cos2 θ sinA||t/2
(
2SNVy S
DS
z cosA||t/2− SNVx sinA||t/2
)
(16)
− cos Ω¯DST sin2 θ sinA||t/2
(
2SNVy S
DS
z cosA||t/2− SNVx sinA||t/2
)
(17)
Since the dark spin is unpolarized, any term that evolves as SDSz will add a mixed state contribution and therefore
not contribute to any NV coherence oscillation. So the “signal” terms are:
ρ(2t+ T ) ∼ Sx(cos2A||t/2 + cos2 θ sin2A||t/2 + cos Ω¯T sin2 θ sin2A||t/2). (18)
As a check, if we have Ω¯T = pi and δ = 0 meaning θ = pi/2, we would find ρ(2t+T ) ∼ Sx(cos2A||t/2−sin2A||t/2) =
Sx(cosA||t) as desired.
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C. Results
For δ 6= 0, we set Ω¯DST = pi and calculate the resulting NV coherence:
ρ(2t+ T ) ∼ Sx(cos2A||t/2 + sin2A||t/2(cos2 θ − sin2 θ) (19)
= Sx(cos
2 θ + sin2 θ cosA||t) (20)
Clearly there is a component that does not oscillate, i.e., the cos2 θ component. After applying the last pi/2 pulse
and phase modulation, this component will oscillate purely at the phase modulation frequency. This component at
DC has an amplitude of cos2 θ = δ2/(Ω2DS + δ
2). If Ω¯DST = (2n+ 1)pi/2, we are left with:
ρ(2t+ T ) ∼ Sx(cos2A||t/2 + cos2 θ sin2A||t/2) (21)
= Sx(cos
2 θ + (1/2) sin2 θ − sin2 θ cosA||t) (22)
In this case we find a component proportional to (δ2 + (1/2)Ω2DS)/(δ
2 + Ω2DS) which is always significant.
As desired, the only case where most of the population is actually oscillating at the dipole coupling strength A|| is
when δ/ΩDS << 1 and Ω¯DST = npi with n odd.
In our experiment, δ is of order 1 MHz and Ω is of order 13 MHz. For a pi pulse, the extra amplitude component
in ν is approximately cos2 θ, which for these parameters is about 0.6%.
V. S QUANTUM NUMBER OF THE ELECTRON SPINS
The electron spins are determined to be S = 1/2 by comparing the measured NV Rabi frequency, ΩNV, to the
electron spin Rabi frequency, ΩDS, for known resonant drive field amplitudes. The NV spin transitions are properly
treated in a 2x2 subspace, although the NV electronic spin has S = 1, because the other NV spin transition is far
off resonance for our experimental conditions. Thus, the normalized magnitude of the NV Sx,y matrix elements are
1/
√
2. For S = 1/2, the normalized magnitude of the Sx,y matrix elements are 1/2. From our experiments we find
ΩNV/ΩDS =
√
2, as expected for S = 1/2 electron spins. This technique for spin quantum number identification is
commonly used in EPR [1].
We are careful to use the same electronics and carrier frequency for both measurements, by tuning the B0 field
between measurements such that the resonance frequency of the NV ms = 0 → ms = −1 transition during the
ΩNV measurement is equal to the electron spin resonance frequency during the ΩDS measurement. In this case, the
resonance frequency of both spins was 927.2 MHz.
Running a Rabi experiment on the NV, we see coherent oscillations [Fig. V.1]. The Rabi frequency extracted from
fitting the data is 18.5(2) MHz.
We immediately perform a DEER Rabi pulse sequence to extract the Rabi frequency of the electron spins, with the
field B0 set such that the resonance frequency of the electron spins is at about 927 MHz, to avoid frequency-dependent
power delivery of the setup affecting our S value measurement. We see multiple frequency components in the resulting
FFT [Fig. V.2] of the time-domain data, due to the fact that the coupling time τ is longer than the interaction period
1/A1 ≈ 1/A2. We find a primary frequency of 13.3(1) MHz, with the harmonics from this feature appearing in the
spectrum. Since ΩNV/ΩDS =
√
2 within their error bars, we conclude that both electron spins are S = 1/2.
These measurements show that the dark spins are S = 1/2 electronic spins with no nuclear spins present. To our
knowledge, the only possibility in diamond for stable S = 1/2 electronic defects with no nuclear spins is the V+ defect.
VI. ZEEMAN SPECTROSCOPY OF THE ELECTRON SPINS
The electron spins’ resonance frequencies closely follow the bare electron g = 2 value in our experiment. In general,
the order of magnitude ∼ 10−4 shift from g = 2 that we find is consistent with other g anisotropy values for other S
= 1/2 defects in diamond [4–6]. To demonstrate their bare electron character, we perform Zeeman spectroscopy by
changing the value of the B0 field and measuring the transition frequencies. We move a permanent magnet nearby
and align it to the NV axis to within a couple degrees [Section 1.4]. We then measure the strength of the magnetic
field via the NV ms = 0→ ms = −1 transition frequency, and perform DEER ESR experiments to find the transition
frequencies of the electron spins. Plotting the NV transition frequency as well as the central dip of the DEER ESR
spectrum and with the B0 field value shows definitive g = 2 character [see Fig. VI.1].
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FIG. V.1. Rabi flopping of the NV, at a resonance frequency of 927.2 MHz. Here, τ is the NV pulse duration, the Y axis is
contrast. A sinusoidal fit to the data gives a Rabi frequency of 18.5(2) MHz.
FIG. V.2. FFT of the DEER Rabi experiment on the electron spins, at a spin resonance frequency of 927.2 MHz. The primary
frequency of 13.3 MHz corresponds to the electron spin Rabi frequency, and the harmonics are from pulse errors in the sequence
due to the long NV-electron spin coupling time.
VII. CONTRAST DEFINITION
In order to mitigate noise from laser power drifts over our measurements, we symmeterize every pulse sequence
reported in the main text (except for the NV ESR, for which there is no corresponding measurement). For a given
sequence that ends in a backprojection on the NV of pi/2φ, we repolarize the NV to ms = 0, and repeat the
sequence, ending with a pulse of pi/2φ+pi on the NV. For example, a spin echo sequence consists of: pi/2x − pix −
pi/2x [532 nm laser] pi/2x − pix − pi/2−x [532 nm laser] . We read out the signal at each laser pulse. If the amount of
photons acquired at the laser pulses are Y1 and Y2, respectively, then our contrast is defined to be (Y2−Y1)/(Y2 +Y1).
This scheme allows us to retain sensitivity while subtracting common-mode noise. In our numerical simulations, shown
in Figs. 2(b) and 4(a) in the main text, we allow the contrast to be a free parameter and find the best qualitative fit
to the amplitude of the features. Background fluorescence from the buildup of dust on our sample, as well as laser
power drifts affecting the optimal readout pulse duration, can change the contrast on our experimental timescales of
days. Nonetheless, we find reasonable agreement between the relative size of the measured features and the size of
the signals from our numerical simulations.
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FIG. VI.1. NV and electron spin resonance frequencies for various B0 field values. Blue and green dots are NV ESR and electron
spin ESR data, and blue and green lines are theoretical predictions describing the NV transition frequency (neglecting hyperfine
and electron spin coupling), and the bare electron spin transition frequency (neglecting NV and electron spin coupling). The
NV and electron spin splittings of order 1 MHz are much smaller than the size of the dots.
VIII. MEASUREMENTS AT MISALIGNED FIELDS
We attempted to recover the dark spin spatial distance information using a technique found in [36], wherein the
direction of the bias field (at any magnitude, i.e. away from the ESLAC or GSLAC) changes the secular dipolar
coupling strengths as the NV and dark spin quantization axis become misaligned. The authors found that for a 15
degree misalignment away from the NV axis, only one frequency appeared in the SEDOR experiment, at around 1
MHz:
FIG. VIII.1. FFT of the SEDOR experimental results, under a field misalignment of 15 degrees from the NV axis. Only one
frequency appears, implying that the electron spin-spin flip-flops are suppressed.
This observation implies that the NV-dark spin coupling magnitudes remained indistinguishable, and that dark
spin flip-flops became suppressed, due to either a reduction in J12, an increase in ω1 − ω2 from g anisotropy, or both.
To attempt to recover the electron spin-spin flip-flops at another angle, we repeated the SEDOR experiment, with
the misalignment from the NV axis again at 15 degrees, but the azimuthal angle φ changed by 7 degrees from the
previous measurement. The SEDOR FFT once again shows one peak:
The electron spin-spin flip-flops remained suppressed, and the Hamiltonian cannot be uniquely identified. Quanti-
fying this suppression effect, by estimating the g anisotropy and J12 at very small misalignment angles, would require
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FIG. VIII.2. FFT of the SEDOR experimental results, under a field misalignment of 15 degrees from the NV axis. Now
the azimuthal angle φ is changed by 7 degrees. Only one frequency appears, implying that the electron spin-spin flip-flops are
suppressed.
field alignment accuracy and precision better than the 2 degree precision reported here.
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